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ABITRACT
//'244

Yo pressurizing gas is introduced into the propslient tanks of the
Centaur vehicle during engine firing. The conscjuent pressure decay
cauges the propellants to boil and the resulting gzs bubbles change
the effective demsity of tho prop2llantes. For liquid hydrogen ia
the Centaur this changa is 1.4 percent and weuld show vp e an 2yver
in any level-sensing propellant-utilization systom. A& porforuied
capacitance probe shows & net 1/2 pereent error bocavsa the bubble
population is not the same ineide and outside ths prohe. However,

& manometor-typo capacitance probe sensss propollent mass withovt a
bubble-induced error. The paper outlimes the theoretical buckground
for this offect and presents the results from medium-scsle teshs in

a goreral form applicable to wehicles other than Centaur. W



SYMBOLS

A aroa
H capacitance

FA\Y change in capacitance caused by the substitution
of a dielsetric for a vacuum

5C capacitance change dus to teaperature
c specific heat al saturated eonditions

db bubble diameter

G a conglant
acesleration
H propellant depth

AH height change due to bubbles

heat of vaporization

dielectric height

a constant in tios Clausius-Mosotti relation
a constant defined by equation $

a parsmoter defined by equation 18

2 K R =) b’QF:

mags

Mi indicated mass

AM mass error due to bubbles
oM mass messurement erroxr
P pressure

external heat fiow to liquid

temperature

o n

time to empty tanks
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ub

e

bubble velocity
voluns

gas volume flow rate threugh the liquid surfsce (assumed
equal Yo propellant use rate)

dielectric constant (relative to vacuum)
denglity

nominal Cantaur propellart density
change in density due to bubblos

saturaied gas domsity at reference prossuro
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CAPACITANCE MASS SENSING OF EQ FPROPETLANTS

JNTRODYCT ION

Ln advanced propellant-utilization system for tir Comisur vohizle was
baing studied in the spring of 1963. A basic docinion was noedsd cn
the sensing methed. Other liquid-hydrogen-liquid-oxygen vehicles,

such as 5-1I, S-1V, and S-IVB, were to omploy capacitance systoms,
while past experience by many parsons at Gencral Dynamics/Astronautics
indicated that a point-sensor sysitem should bs used. The choice wag
further complicated by the Centaur tank pressurization procedures which
allowed boiling to occur. Tests wers plannsd at General Dynamics/
Astrongutics in May and were conducted at lLewis Ressarch Center,
Cleveland, Ohio, in June and July to determine which (if oither) sysiem
would perform properly under Centaur conditions, The testa showed that
with care either type could be used but that tihe capscitei:ce systen hzd
the edge.

These tests and the basic ssnsor anslysis are ths subject of this

paper.



BACKGROUND

3 2 8
A capacitance sensor, eithsr a continucus probe or a point sensor
(l1iquid~level detector), relies on the very small change ir capacitance
cauged by the diifferonce in dielaectric constant between gas and lignid.
The capacitor is very mearly a perfect mass sensor; ib elmost Ycouuts
molecules” regardiess of the density. While maus sunaing iz of the
greatest importance in a P/U system, other sdveintages sre ths continu.
ous analog signal and tho relative agimplicity of the in-tank bardware,
The major problem concsrns gaa density, sinco the probe reeding is a

sum of liquid plus gas mass,

Most early aircraft capacitance gaging systems were quite sensitive to
stray capacitance. Ths wide spread use of the "throe-terminal capacitort
has reduced this problem to Ingsignificance. Any capacitance to ground
(see Figure 1) eppears only as 2 load on the sourcs (i.e., the transfoxror)
or as a load on the esmplifier input (normally kept at ground potentisl by

the servo system).

Cent T C

The Centsur uses boost pumps, rather than the introduction of pressuriz-
ing gas, to assure that the propellant dellvered to the main engine
pumps is well below saturation., The Centaur boost pumps, which provide
roughly a 20-psi head, can function satisfactorily with a relatively
low-quality mixture (i.e., lots of bubbles).



Since the Centaur propelloant tenks are not srtifically pressurized,
boiling will occur as the liquid is withdrawn, even if the external
hesat input is zero. The propellants and the ullage gas ave initially
at (or rear) saturation end, as the tenks are emptied, the ullage
pressures tend to fall. But this means that the liguids tend %o
become superhoated and that they will boil o maintain equilibrium,
This boiling will counteract the reduction ia prossure., The nobt resuis
is a constantly decaying pressure and a constantly deceying sd{v:eat:?.csz
temperature. If the external heat input to the tank is high enough,
the ullage pressure can be maintained copstant dueing firings but, of
course, this too requires boiling, albeit of o Aiiforent pattern,
early in flight when most of the heat enters the ligquid. Vehicles
using pressurized tanks, may also have boiling due to extornal heat

input,

An alternate way to visualize the Centaur situation (vhen the externai
heat input is small) is the following, The L, tank is initially

almost full of liquid at perhaps 25 psia and finally full of gas at
roughly 17 psia. During the 450 seconds of engine firing all of tke
liquid igc removed from the tank at a mearly constant-wolums flow rzte
and consequently ullage space (or gas volume) is added at a constant-
volume flow rate. Since the pressure changec by only about 30%, most

of the gas must be evolved through boiling ard does not come simply

from gas expansion. A mathematical deseription of this process includ-
ing the effects of external heat input is covered in a following section.




In Centaur the gas mass problen is particularly aeute, since the ullage
gas will tend to be near saturation and therefore very dsmss, At 19
paia the bolllng point tempsrature for Iﬁz is 21.1°K apd the ratio of
liquid density to saturated gas density is only 42/1. The actual gss
temperature and density will, of course, depend on the heat imput during
the flight in question - values which are very herd te predicht accurataly.
Figure 2 shows the relative error caused by the gus density. Since the
capacitance system measurcs total mass and sinco the mess of GHy ir tiw
Centaur tank at the end of flight may be as large as 120 pounds (2.4%

of full tank), knowledge of the actual gas mass is imperative. The
rough assumption of saturated vapor is not sufficient; flight measure-
ments will be made in order to trim the P/U system to its optimum

efficiency.

In vehicles using "hot"™ gas for pressurization this problem is reducad,

but it may, as Figure 2 indicates, still be bothersoms.

ANALYTICAL CONSIDERATIONS

Ihe Mgrometer Effect
In-tank capacitance systems (including aircraft fuel snd missile P/U)

prior to Centaur have gemerally used perforated probes to assure that
the liquid level within the probe 'is the same as that in the rest of
the tank, For the Centsur system a manometer-typs probe (i.e., one
open only at the top and bottom with no lateral holes) was concoived
in order to improve the measuremsnt of the propellant mass in the tank.

The advantages of the manometer probe over the perforated probe are:



1. Elimiration of the orror caused by the fiuid (including
liquid, gss, end mixtures) density within the probe not
being characieristic of that in the rast of the tank and

2. Elimingticn of undesirable slosh oifects by the use of an
inertia tube (see Referonce 1),

These two advanteges are pertinent in any mags-zensing systom but sre

overwhelming when the liguid is boiling.

Figure 3 shows a stylizod tank and menomoter-typc cepacitance probs.
The condition for hydraullc balance for thie oyotem 1la

Piby ¥ Pzhy = O + Oy (1)

This is another way of saying that the mass in the tank botween the
nanomster taps is proportional to the masa 1n the manomster. Thus,

M = (a78) M (2)
So only ths question remains, "Does the protw reslly sense MI®

Ine Glaugiug-Vosottl Relation
For a homogeneous disleciric (for exsmple, the gas only)
AC = G (e -1)V (3)
where AC = changs in capacitanco cesuged by the substitutien
of the dielectric for a vacuun,

G = constant of proportionality,

€ = dielectric constant, and

V = volums of the dislectric material.
From Clausius-Mosottis

2L | (4)

€~-1= ————-l_x/o



where K = constant = about 1/1000 (cc/gm) for H, — and

/O = density.
Equation 4 for B, is plotted in Figure 4. A straight-line approximeticn
may be made as shown below.

E). 9] = , P
6-1-?-:%-/30_ 3K/0 (5)

R

vhere 0, = pominal Contaur density (70gw/litor for Hy) and
K" ¥ 1/930 (liter/gn) for H,

L

From equations 3 and 4 we can write:

= JEQ - 3K p
AC G (1 - K,o) v t ] (1 = K/o) ()
vhere M = mess (=,oV) and from the identiiy of equation 53
l e~ K/oo
Ac SR
= 3EKGM <1 _Kp) (7)
If ve assume simply that the AC is exactly prosortionsl to mass,
AC = 3EGY (&)

where M; = indicated mass; end the measurement error (& M) introduced

by density variation is

M_ P
F = tr Sy (9)

If this error is sufficlently amall, then tho answer is "Yes, the

probe really does sense M",

For Centaur ths magnituds of the error was determined for two casmost
the error associated with variations in liquid density sbout Pos
and an error which is inherent in any gas messurement when uéing



®

thie approximaticn. The LY, density variations sbout /2 will be no

more than ¥ 1.5 gn/liter (corresponding to a maximum tenk pressure
variation of & 6 psi) and from equation)9 the congequent error is % 0.15%.
Note that this error is a perceniasge of point vslve - prot of full tunk.
As the tank emptics, the error in pounds decrescos Yo vere, The error

in GH, mess moasuremont increases to a maxlmun valuve of 8% at the end

of flight but this ropresenis only eight pounds (the probo is only 4/Y

the height of the tank)., Further this gas error is paxtly systemat’c

and can be largely ol iminatod by proper sysiom bias adjusinsnt bagel orn

the gas mass prediction for the particular fiizht.

Segmeptation
Segmentation of the manometer~type probs snd slocirical removal of the
upper elemsent late in the flight could actuelly increase the ullage

gas orror, because of the manometer effect, Detnile on segmentation

may be found in the Appendix.

Bubble Theory apd Beckground
The bulk density change in a simple cylindrical tank is
Ao = o L8
P =L (10)

vhere A©O = change in density,
/O = density with no boiling,
AH = change in surface lsvel relaiive to the conditiocn of
no boiling, and
H = propellant depth.
An expression (equation 1)) for the chengo in surface level, AH, in
this tank can be written for the following assumptions,



1)

R)

3)

4)

5)

6)

Congtent~volume boil-off
rata,
Boil-off reie 1a egqual to

ths propellant use rste,

No external heat input.

Bubbles formed unifornly
on the vertical surfaces.
(For simplicity the bottom
is ignored,)

Unifornm bubble sigze.

Initially saturated

propellant.

Only approximately trus over the
sntlre Uentrur £light; but early
in flight when the Iubble effsct
will be tho greatest, it is very

roarly correct.

Heat input is megliigible for
many Centeur flights,

An almost infinite number of

nuclsation poivts are avellsble.

Seall bubbies tend to coeleasn
isrge bubbies tend to hreak-u;.
Nuecleation alse veatricts tin

size rarge. {Reference 2).

Tims on ground betwsan tanking
and launch assurss this condition

for Centgur,



The expression is

v
A= o (t rald (11)

where u, = bubble velocity,
A = tank area,

V., = propellant volwe,

o 3
"

tims to empty ths propellant, and

<A
(i}

gas volume fiow rato through the liquid surface.

The velocity of rise of single spherical bubbles in an unrestricted
medium may be found by equaling the drag and buoyent fercca. When

the Reynold!s numboer is between about 100 and 200,000, the fiow around
the bubble is turbulent and the coefficisnt of drag is alwost consbant
and the velocity of riee is aimost independent of tho medium. The
Reynold!s numbers in LB, 1Oy, and LN, are in this range for bubblzu
of the size expected during Centaur firing and their velocity is glvea

by s
w = L74 /88, (12)

where W = bubble velocity
g = acceleration

d.b

bubble diemeter

Reference 3.
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Equation 12 is plotted in Figure 5 at one-g asccoleration over the range
of 4 expected during a Centaur firing, Approximate tost date fronm
motion pictures of boiling 1H, is plotted sbove the caleulated curve.
Two efifscts probably explain why the test data is 60 to 70% above the
caleulated velocity: a decrease in drsg would occur, if there is cire
culation inside the bubbles; and an incremse in veloicty could result
from the presence of other bubbles (the calculation was made for a
single bubble).* One might emcﬁ an imcreese in uy, proportional to ﬁ
from a first inspection of the expression for v, Hovever, db probabliy
decreases as the acceleration increages so that 4, should ba expacted to

vary with g to some power lsss than one~half,

The 1H, motion pictures indicated a bubble velocity betwcen & and 20
inches/sec for corresponding bubble diamsters of 0.02 to 0,12 inches,
Applying these rough estimates and Centaur I.Ei‘,2 tank geometry to equations
11 and 10 the surface shift is bstween 3.75 and 1.5 inches and the density
variation between 2.5 and 1 percent. The values found in the tests were
2.2 inches and 1.4% respectively.

Scaling

Since the tests were to be conducted in a non-Centaur tank without

the capability to remove liquid at anything like Centaur flow rates,
methods were developed for scaling boundary copditions and test results.
The geometrical scaling was based on equatior 11, We stipulated the
same AH in the model (i.e., at IeRC) as in the Centeur, therefore:

* Reference 4.

10



B By
= AH, T co————
ARy c 2u, K m = 2uph, °© (13)
or
[ HCA;R -
Vm T me— Y (14)
whare the subscrips m and ¢ refsr to the model snd to Centaur
respectively. The nominal flow rate for ILH, in the Centsur is
2.7 ft3/sec ard for 10, 0.85 ftB/sec. Asauming thet both Centaur
tanks are oylindircals
#* ’ P g o
H, ;8 A, An Vo Vm
inches | inches £12 £42 | £5°/sec ot [sec ee/sec
LH2 157 70 78 4.9 2.7 0.32 10,700
L0, 5ke 70 % 4.9 0.85 0.043 1,220

The figures in the last column of the above table vers used as nominals
during the tests with excursions to eithsr side to obtain bracketing dala.

The condition of boiling implies a heoat input, tut this can be mis-
leading. The heat required to vaporize the liquid can certainly

come from an external source, but for most Centaur flights the more
important heat source is internal -- the heat liberasted by the reduction
in temperature of ths liquid mass., The relation betwsen a constant~
volume flov rate through the liquid surface (i.e., a constant-volume
boil-off rate), the heat input, and the ullage prossure is outlined

belows

»
At start of P/U control.

11



M, = -CQMT + Qy (15)

(eat used in boiling) = (heat supplied)

vhere M = mnass flow ralte of gas through the surfece,
iy = bheat of vaporizaticn,
. tg = specific heat at saturated conditions,

=
#

total liquid mags,

e
il

tims rate of change of liquid temperature, sud

£
W
L

extsrnal hsat flux ve liquid,

From equation 15 we get the differential equation:

@ ¢VE, ,
caM(Ool") a‘?’" * -—i-;-o-P = Qx (16)
vhore ¢ = saturated gas density at referonco pressure and
F, = reforence prassure

The solution of 16 is

P = P l_ﬁ."; + (1-— Q" )e‘k‘:'t] (17)
¢VH, OVH,
$Ey

vhere k

cH(0.17)7, (18)

Equation 17 clearly shows the effect of the external beat input to the
liquid, Q. Figure 6 1llustrates equation 17. If there is no external

A

heating, equation 17 reduces to

P = Poe'k% (19)




Equation 19 can bo differentiated aud P sot oquel o P, to £ind the

ipitianl olope, f“o.

b e opur = I ¢

o Y egM 0.1.;7.5“, (20)

Over "short® times the slope is very close to thilc initial value.

Hote thet ihe depressurization rate for the tests, fﬁo, ias proporticual
to the volums flow vatle, V. Depresuurization rates during the tests
wore mary times greater thea the 1.2 poi/min rate sctusily oxlating
during Centaur flight in order to simulate propollant outflow. The
importart thing is thatb V and bonce the quantity of bubbles in the
liquid were scaled to Centaur flight conditions,

TESTS

IoRC Facilit

All tests were conducted at Lewls Resesrch Centor, Clevelard, Ohic, in
June and July, 1963. The test tank wms a vacuun insulaited, 30-£i3
container sunk into the ground to molre ths top ~ecdily sccecsable,

See Figure 7. All equipmsni was suspended from the 1id which could

ba removed in sbout two hours., Calibyrated carbon resistors were

used as tempsraturs sensors. Liguid level was msasured with Honey-
well ring-typs, capacitance point sensors or visually with a spike

in a stillwell. Three ssis of sensors and spikes were mounied cn a
rod which could be moved vertically by a lead screw ascurate to

¥ 0.01 inches. EHousver, a tight packing gland greatly limited the
utility of the level measuring systom when the screw had to be moved
very fast during depressurization cycles. (Considorable wsmal effort,

was required.) Various plumbing connsctions allowed for control of

13



pressuro, £ill ard drain, ete. The total heat lesk (witk a balsa
wood inanlator attached Lo the botton of the 1id) was about 100 watts,
naking the Qx of ecouation 17 essontlally zero., A 2000-uath electric
hoator wos used %o heat the liquid. 4 temperaturs rise roie of aboul
0.3° K/uin could be maintained in £ull tank of Lii, with thic heater.
The rigididy of the tank ves demensirated by a drop in level of only
0.09 inches for s sudden pressure increase of 19 pei (most of this

decrease wug due to the compreassebility of Yil;).

Four Bistol ctrip-char®t recorders woro usod to rocovd the tank allnpe
prosgure and the three probs signala., Resoluhion and accuracy Sov
presouro measurenents were better than 1% and for the prove read-out
about 0.1% of the liquid to ges capacitance chenge. Temporatures
were recordad on o remole computer asystem called CADDE. Shortly after
sach test run tabulated tsmpsrature data accurste to about 0,05%K were

available.

Gapecitence Probes
Three probes made by Honeywell vere tested in June enf five probes made
by Liquidometer wors tested in July.

Hopeywoll Probeg
The Honeywell prcbes were concentric stainless-stesl tubes, 70 irches

long, with inner and outer diaemeters of one and two inches respsctively.
Their nominal capacitances wers 155 (&£ in GH,, 190 4wt in LH, and
222 Luf in W, Each had a 4-inch diameter flat plate 1/2 inch below
the bottom as a shield against rising bubbles. Thess three probes

were distinquished as follows:

14



1) Manoweier probe - open only at the top and botiem.

2) Poliished pyobe - identleal to the manomchor probs except
vhat the ermular spaco was highly polished.

3) Perforated probe - ideaticsl to the manorcicr jrobo excepd
that the outer tube was perforated with six 1/4-inch
holes per vertical ineh (a toisl of 372) spuced in a

spiral pattern.

The polished probs wag included im the tests ia the (net very entims-
iastic) hope tha® nucleation points could ke eliminstsd and thms bolllng

aliminaied within the probe (ses Reforence 5).

The conirol units provided with the probes cmployed en electromecianical
serve gysten wltinately driving a 5()00-ohm wire=sound nolentiometor with
a regolution slighily better then 0.1%, A d-¢ voltags was oupplicd

acro3as oach potentiomater with o zero wiper voltage iudicuting en ampiy

proba and a full-gcale voliage indicating a probe full of liquid.

Liqu Probes

After the June tests with the Homeywsll probes demonstirated the wiility
of the manoreter-type probe, similar tests were made with five probes
from the liquidometer corporation, These probes were all of the
manometer-type and 70 inches long. The electrode dimmeiters were varied

as the following table indicatos.



9

fnner Elestrods Outer Elscivode Bominal

Probs Outazide Diaweter | Innor Dicmeider D, Do Bap g, Cepacitance
Py) (o) Beo | TE Copz)
(inches) (inchsa) - fimpty Folt
g U SN S P T S % e e v ma] - oo o ot g s bt s ot
X 1.87 2.93 1.56 55 225 r

2 1.25 1.93 3. 54 W34 230 13}

3 0.63 0.95 1.21 .16 245 306

f«"b 2a 26 2 9.: l . :230 l . ?’;— 389 IC%}/Z

5 0.25 0.95 3.75 i 35 7 95

These 'variations were plained to detect the preseance of eibher of tho
following efifacts:
1} = systematic bubblo distributicn whieh, ia the noa-lineer slesiric
field of concentric cylinders, would cause a capocibence cryor or
2) a rostriction to bubblo flow which would cause an error in colum:
boight.
Liquidometer supplicd a muliiple cortiol unibt similor to the Homoyuoll
devlces except that thelr resgolution was chout 0,24, Simew only *thveo
recorders weve avazilable tho probes were tested in estg of three. Egpecial-
1y of interest were 1, 2, 3 (some diemster ratio bui different gaps) and

2, 4, and 5 (same gep but different diametor ratios).

Frocedurs aud Dats Reduction

The key to ths test procedure 1s the operation called a dspressurisatlon
eycle or simply & "DCY, Oaltting the mechenlecal details, a “DCWs

1; sterted with saturatod liquid =t P, (24.7 peinj;

2) continued with a proasure decey determined by ogquatlen 213 and

3) torminated with an sbrupt prezsure iuncroose of ssveral peh.

16




Figwe € displays this dugeriplion (rephivally. During the ramn

presswa deczy the voluis bolleof

£ ovte ver condtant, The Llgaid

leval rose as the bolling begen, thsi £oll o' o pearly counshiit rate

becuuge macss wag lost thwough boil-oft end brorute whe 1igquid contractud

due to cooling. Tha bulk dops

ty deorowed and {(although e 1lguid

level f9ll) romained noavly cc-na'aani; vitil the pyeassvre wsas raised

and tho bubbles collapsed. Duxipg tive operatinn téc ullegs pressuve

and the thrss nrobo outpuia were cont nucusly yoserded, end axect

level peaguremsnts wvere mods hefors mn eflter the Uil® with as RAKLY

19 reggible level muasurcnants

»

wasle Crdng She vamp 3%e0lf. Baeause

tha pregsure comlrol ab tha staet of tls "DV vy vory scor, most

leve) and probe data were taken ab tiw end of o vamp.

Varjous loprevsurisation rates

wers uged in he togtu Lo obtein

brackoting detn about the value whizh would erochbly simelinic Centuur,

Tests with ooih 14, and I, wewre prodormnd following the swae bugle
o

vrocadure. Teuts were conducted - 4th the orobs: completely immeriad

in ordar to rclate the change ip density within the probe do that in

t2e benli end ut lower levals to weesure the net indicated mass chengs.

Stues Q wae ypgligibly swall,
or 24,7 puia, aid k for a fuil

19 and 0 ean o reweition as

Lsd

e

- (::‘4\:7)6“3"06 x 1

= 7.5 x 107

Lok

)

Since P 1s a funciion of mess,

musses wore used, it was not

*

vgaabion 20 applied. Py was 10 peig

fapds of IH? vag 3.06 x 1677, Bouations

Ty

and gines vavioug lovels znd hencs

& sanstext,

17
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Wote that the nominal depregsurization rete was pol the same se that
oceurriag during a Centaur engine firing; tie cotusl tost valus was
the rats required to produce the same liguid-levsl chenge as oceurs
during firing. Equation 14 relates the tank goomotry o the dosir2d
boil-off ralo and equation 19 reletes the prescuye decay to the boil-
off rate. The basis of tho similaticn, equaticn 13, required that the
AR in the testo he the asmoe as in Centeur ard as a consequence

ard A MMM are proportionsl to 1/H., For 18, the test values wmat be

"70 P
altiplied by y== or 0.446 =nd for N, (simlating L0p) by 3{% or

1.3. All mass measuvements, AM, inforred frem the prcbe output are

expressod in percent of the full tenk liquid mess.

The test resulis were gensrally as oxpacied; thoro vero fow surpriscs.
The Honoywell and Liquidameter equipment worked wery woll — o coume-
pliment to both compnales, since each designed, built, and deliverad
their equipment in cre month, The GD/A precedures worked well with
virtuelly no changes. With the exception of the pregsure control
system the LeRC equipment caused ro significant problems. While the
pressure control was eventually satlsfactery, it caused ssveral delays
and vas never as good as we would have liked. Verdor amd NASA per-
sonnsl were almost universally cooperative., The IeBC mschanies and
technicians wvere especially hard working ami hslpful.

Asguning that the diffcrence in density between tho probs apd the

tank in general is not 2 function of tank aize.

18



The teppersture data bandled by the CADDE syatem were not usad ex-
plicitly in Jotermining the test resuits. Howovor, they have been
carefully evaluated and found to agree quite sccurately with the

vapor pressure temporature during each ®DC®, At other timos the tcmp-
sratureg showed gradienis, stratification, equilibrium, ete., in
agreermsnt with the condition exlsting at that tims. The thermcmster
time lag In liquid was legs than 12 seconds.

The following ssveral sections present details of the LH? testing.

In Figures 9 through 15 the absclssa i3 the volume flow rate, V.
Although the very randomneas of the boiling phenamena wae probably
contributory, the vide data scatter was mestly csueed by ths un-
evenness of the pressure control. Since the effects in m2 are
similar but of mich lewer magnitude, the L, deta is only summarized.

During the June tests the initial emphasis was placed on measuring
the changes in L, of level, bulk demsity (i.e., gensral tenk
denaity), and probe density (i.e., that within the probes). Testo
were conducted primerily at levels of 95%, and 105%, (i.e., with the
probes almost and completely immersod) at various depressurization
rates. Tigure 9 shows the level changes measured in the tests. Tho
straight lines are fitted by ths least square method. The values at
10,700 cc/sec are also the values expected in a Centaur firing

sse equation 13, In the test tank at 100% (nominal) and 10,700 cc/see
AH vas roughly 2.2 inches representing a density charge of 3.1%

(a Centaur equivelent of 1.4%). These values f£2il within the brackeis
predicted by the prior analysis. '
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Figures 10 end 11 show the Honsywell and Liquidomctor probe density
for the 105% level, Here no level compensation could teke place and
the probe output was directly proportional %o donsity. The Ho at
10,700 ce/see was roughly 3.7% in the probe (1.65% ecaled to Centaur)
— gignificantly higher than that in the tank in gensral.

In the test Just described the probes were completely covored and esch

probe ocutput was thought of as a measure of denuaity, sinco the volume

within the probe could rot change. When the liquid lovel was below

the top of the probs, the msasured liquid volume cowld change and the
output became a function of both density and voluwe. Since the system
is basically a mass sonsor, ths output was thought of simply as a
moasure of mess, and the change in cutput as a chenge in mags., Figuro 12

shows the AM/M data from the 95% level for the vonted and manometer

T

probes. At 10,700 cc/mec the perforated prohe error was about 0.9%
(0.4% scaled to Contaur) while the exror of the amsnometer probe was
leas than 0.1%, the minimm readout resolution. Tho contrast is strong.
The height within the vented probe must have been the same as that in
the tank in genersl and, since the densitiss within and without were
different, there was an appreciable errer. In contrast, eccmpensation
botween the column height and density took place within the manometer
probe an? ths net error was negligible,

In the case of high external heat input (into Contaur on any other
vehicle) the difference between the mancmoter and porforated probes
could be even greater, since all boiling would taks place at the tank
walls and the difference in density cculd be much larger than that
produced in the tests herein desoribed.
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Figure 13 shows similar data for the lower lewvels. Here probe effects
were nmasked by tbe mass change of the gas. ZFach datum was taken at the
end of a ®NC" - a compariscn of the reeding juat prior to the sudden
pressurization to that just after, Although an effort wes made to
minimize the magnitude of the pressure rise, 4 psi was typical. At ihe
50% liquid level the pressurizing gas could have caused a maximum irdl-
cated mass incresse of 0.2% of ths full-scale probs cutput. At 15%
level the gas introduction error could have besn &s big as 0.5% of
total mass. Since the pattern of gas stratifleation and mixzing de~
termines the degree to which the probe wag affected, no accuraie cor~
rection to ths data could be maedej but this effcct coupled with ths
resolution restriction ie cloarly sufficient to explain the ascatter and
the trend to e negative AMM.

Polished Probe (I8,)
The polished probe (Homoywell) gonerally behaved like the manometer

probe, Occasionelly there was an indication that there was suppression
of boiling but nothing of real significance.

Size Varigtions (IH,)

The Liquidomoter probes were &ll of the manomstor typs but of varying
sizes. They generally bohaved liks the Honeywell manometeoy probe.
Figure 14 indlcates that the probess with the larger spacinga snd outor-
tube diamsters produced slightly smallor errora, although elnven of
the fourteen points fall within the minimum 0.2% resolution limit,
Control unit variations mey have been ragponsible, since cach probe
was always tested with ths sams control unii. The final deslign for
the Centaur probes has dimensions very similar to probs oumber 1.
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Again, the data at the lower lovals were more scatiered, as shown in

Figure 15, tecause of ths gas-mass changes and limited resolution.

Oscillations (L)

Sharp pressure variations during depressurization cyeles often set

the mancmeter probes into oscillations. A sudden incroase in pres-
sure would collapse the bubbles, while a sudden decreasse in pressure
would increass the boiling. Similar pressure variatilon cannot oeccur in
Centaur; the pressurc decay mst necessarily Le smooth. Some of the
singals thus initiated were text book examwplos of a lightly damped
oacillating system. The natural period (for tha 95% level) wes
moasured to be sbout 2.6 sec and the damping roughly 0.05 of critical.
The natural period may be calculated as

T = 2‘"\/2: 21T 6-2_:2.?_5-_(]_’.2.). = 2,58 sec (23)

vhore ‘T = period in seconds
£ = length of liquid coclum in inches
g = acceleration in inches/sec?

Reference 1 includes a complete description of the ipertia~tube system
used to prevent such oscillations in the Centaur P/U system.

Zaro Shift
The polished probe (Honeywell) was placed in a sealed can containing

helium gas at two atmospheres pressure at room temporature. The can
was oonpletely immersed in IH, and supported so that 1is contents
could reach IH, temperature. Figure 16 shows the probe total capacitance
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changes” (as indicated by the readout device) and the helium gas temp-~
erature (as indicated by the gus pressure). Although the gas temperature
changed drastically, the gas density and hence its dielectris constant 4id
not. The cepacitence variations then were caused only by geametrio changes
and possibly by olectronic error. As the cooling progressed the cspacitance
£irel increased; prosumably this was cussed by the outer tube chilling faster
than the inner and reduoing the ratio of the cylinder diameters. Aftsr
temperaturs equilibrium was rosched the capasitance atebilised at sbout
minug 0.1%. The nogative epike at 60 mimtes coourred ai the sharp pres~

sws increase of a "D0"; evidently there was soms "oross talk®,

Tho cspacitance of concentrie cylinders is given by:

0.6l L ¢
C =
logy, (r,/ry) (24)

whore C = cepacitanos in uf,

dislsciric constant (relative to vaeuum),

Mm
H

L = leagth in irches,
ry = inner tube redius, and

T, = outer tube radius,

Onee tempsyebure oguilibelun i reached tio value of rz/ri should not
ke changed cpd the total capacitance change, 5C, shoald be proportional
to change iz Iorgsh, £ L. For ow probe material (CRES 321) &1I/L from
room temperatuss to IH, tempernture is abeut 0.3%. Tho difference

% In this sectlion capacitance changes ave reforcmced %o totgl cap~
acitance rater than to asstive (i.0., liquid to gns) capacitance

as 1ls used olaswhors in this puioer.
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betwsen this value and the observed 5C/C (0.1%) cammot be satisfactorily
explained at this time, although the following effects have been considersd.

1) Differentinl radial expsnsion due to differences in tube materisl.
The maximm 5L/L variation should not exveed % 5% in CHES 321.
This waximm variation cen zccount for enly 0.04% $C/C,

2) Support varintions. Capeoitance changes dus to changes in the
Kol-F aupports could sccomt for oaly 0.01%.

3) End offecta. Hovement of the bubble deflector could cause only
an extremly &mll offact,

%) Belima gas vawiandlons. Doubling the gas denslty would only
aceoun’t for 0,918, TFollowing ths test the gas was enalysed and
fourd to be 98.3% beliwm.

5) Blectrunica drift. A read-cut drift of 0.2% in 12 hours vas
obscrved In o later tsst, If drift ceused the error discuseed
here, it must have been 50 iimes as rapid at firat and zero
later,

Tho unaccernieblo ervoy of 0.2% relative to the total capacitance
ectually le oquivalent to a P/U sonsing exror of 0.9% =~ 3 sigai-
ficent arcrnt. Feodloms {o 8ay, moxe atlention is being given to this

prebiem,

N, Rogulin

Pigweas 17 tiwoagh 19 are dzée taken in INs (stwwlseting L02). The
geooral effccts ars tho omwe 2o for LHyy but, because of the lower
prepellent drain rate sud different fluid properties, the magnitude
of the effscts are lowr. At ths nominal vent rate of 1220 co/sec
thore is essentlally no error in AH; AL, or AM, ard nothing to

indisate a preference of ome probs type over ths other.

2

-8



CONCIUSION

There is no doubt that a manomster-type capacitance probe can reduce,

1€ not elinminate, the orrors canased by the density in the probs not
being characteristic of tank in general -~ i,8., errors caused by
radial density variations, Fuzther the manometer probe cean be used

to elimirate undsaired slosh effects by hydraullc rather than electrical
filtering. Although Lhe analysls and tegts reported here were done for

Centaur, they may by holpful in evaluating gaging problema in other

vehicley.

25



HEHCES

Perkine, C. K., Rivinius, ¥, G., and Wood, G. B.; "Stillwells for Pro-
pellant Gaging"; SAE-ASME Meeting, April 1964.

Heu, Y. Y.; "Size Rangs of Active Nucleation Cavities or 2 Heating

Surfece®; AR Trgns-Journal of Heet lrenafers pp. 207-2153
August 1962,

Harmatby, T. 2.3 "Veloclty of Large Drops and Bubbles in Media
of Tpfini%s cr Regtricted Extont"; AICHE J 3 Volume 6,
Numker 23 pp. 281-283; June 1960,

Poufanen. A. A.3 "Studiss of Bubble Formation and Rise";

Ihe Canadian Journal of Chemical Engincerings Volume 38,
Number 403 pp. 93-101; August 1960,

Tuck, G.; “Zoro-G Report: I, Boiling Throshold®; Gensral Dynsmiocs/
Astronaubtics Neport No. 55D859-33 21 May 1962.



'/

APFENDIX
SEGUENTATION OF CAPACITANCE PROBES

With a perforated capacitance probe there is no doubt that "aswitching
out" part of the probs will reduce ths gas~density error. The probe
does not sense ths gas mass in the "gwitched out" section and this
unconsed mass in no vay affects the remaining ssction. Likewise a
saction of a manometer-type capacitance probe may be "switched out®
and the mass in that section i1s not sensed. But here the "switched-
out mags" deoss affect the remalning acction because of the manometer

affect.

In the following simple derivation the capacitor is assumed to be a
perfect mass sensor. Also the tank 18 assumed to be cylindrical.
Figare 3 deseribes the gystem. £ further simplifying assumption is
that the llquid in the probe has the sams density as that in the tank

in @DGI'E\Z. (inao, /02 = p/z)t

Ths condition Xor manomster balance 1is
= L . s 5
P8, + ARy Py ,Olhl (25)
Thiz i3 another way of saying that mass in the tank between the mano-

metor taps 1s proportional to the masa in the mavometer. Thus,

X/ = M
(., I Xab Moy (26)

After "swibtching ocut" the uppsr segment, ths lower scgment, ,Z 2» Sensest

Moo= Ky - ,OlfaA (27)



[s X'

(Wi, = (i, = oy 40

But the sctusl mass in the tank below the segmentation point is

Jo

To find the meemursment exror, §¥, we subtract equstion 28 from 29.

&M
But,
Mo
Tiwyelora:
5H

e
—

i

s/ - /
My - 0 LA

G - g, = - ol - W 40y L

(A?“mah

/

(Pi - /J",-‘.)'éa&/

(28)

(29)

(39)

(31)



43l11d WY

,, . o mmm————— ——m——————
ITETT | — TN MOLIOWAND
- OAd3IS JNYTVE
Tonars L 0N /_,%z_ .
| P : =
/ .\\\|\|H\\\ T
- -d -

I 34N9i4




z IANOI-

| (X.) 34n1v¥IdWiL |
ofl 0z1 00L 08 09 OF 0¢

»

JYIHASOWLY |
- -SIYIHASONLY ¢

/4 | Q.:u.q .\L -
Youy3 IALVI

NOLLYYUN1YS




€ 3d0n9I1d

Y T R
\\ 7, d \\ oy g

_ i
Wy b
\_Q B +
V=V 34y
V=Y314y

HF0dd YHLANWONVIN AIZITALS . .




e LT

)
m

g 00071=)/1

F 334N914

13311/ W3) ALISN3E
0L 08 09 oF 0 O
I¥-L
X 0o
JONYY ALISNI ,
_HNYLN3) ]
S aye v7 Aoz
1080

NOILVTAY ILLOSON-SAISAVIO




S Iynoid

"H1 40 STUNLII NOILOW WOY{ Y1Yg
('NI) 4ILIWYIQ 3799n9 |
0 8 90 40 4 Uy

'pBrprg-

 Hor (93S/NI)
. - ALID0T3A 118808 -,

. ~Gl

0c




9 J¥Noty

INIL

. e e e ———— Ay

TUNSSIYd

TYIININOdX3 11n70S9Y

D ‘ONILVHH TVNHALXH HLIM ‘A ‘MOT4d HINNTOA
LNV.LSNOD NIVLNIVIN OL WVHED0dd HUYNSSHAd




"‘M&(

i

‘s

4LVIH~__ HOSNIS “dWiL
Y jlmy n . .
Y10 ‘NI 0€ |
4OSN3IS INIOd—_ | .
S /.,,,.,,,;\\:m_;::m NI idS
NI 0L 1 1= -SYOSNIS "dNIL
¢ (| NOILYINSNI
w1 01~ " i L 000M ¥STYE NI
—
1904d 319YAOW i
MIY9S YILIWOYUIIW ¥IINASNYYL 34NSSIUd
WNYYD ONYH  'MOGNIM

THSSHA LSH.L DHRT

xir

L 3303




8 IMNOI4

ML | -
/0 ' Ar:azg R
. wus:sm._z: P
| JUNLYYIdNIL .
Y 9NITTY4 0L 300 3407S 0 o
| _ TIAT1
UNLYYIAWIL ONITIVS J ainoiT
3 11017109 01 InQ 3407S 2
34NSSIUd NOILYYNLYS g
NSS3td NOLLVANLYS TUNSSIUd
NO ¥3LVIH HLIM INYL
(3HIY3Y NOILYUNLYS ¥ |

HTOXD NOILVZIdNSSHIdAd




R !1 -

05
1,96
%501

1337 JINVL

(c01 X"93S/99) A ILvY INIA

v 0

8l

(l

6 2N \




2 .
Lol

13A31 7501 ~ $3904d T1IMAINOH

(¢01 X"33S/27) A 3LvY IN3A
W 0 8 7 8 v 0
| _ |

*

N e

OO em——

* * —

1904d QILVH04H3d + | ol ]
1904d YILINONYW * —

(°HT) SLATHS XLISNAd A0 d

&
@ —t w|

01 34NOLy

(ALISNIO QDI Y,
I9NVHD ALISNIG




_ : . . o , 11 38N914

TIAIT %601 $1804d YI1IWONYIN 431IW0QINDIT
(600X"03S/30) A 1VY INIA e D

W 00 91 i 8 b0 D T
| | | I | l ] &. | ,,

= N 1. (ALSNIG QINDITY)

7= JINVHD ALISNIQ

v CN ) <
O <4 *

* L0l ]
419NN 31804d lH 0




= : _ 71 3¥NOId

1A37 %66 S3804d TTIMAINOH

 (s01X°23S/99) A LYY INIA o
¥ 0 91 Zl 8 b | R

I T

19044
03LV40443d +~ |—==
18044
d11INONYIN -

Lo

 (°*H'T) SHOYYT SSYIN

T




STIAIT 4IMOT SIE0Nd TIIMAINDH
(00 X "93S/29) A TLVY INIA

L 1

a31vy0443d %Sl °

w0z 9 U 8 v 0

m_w.%“&% hu_@.._sn__ w\%m_ . s 5 )
y ¢ v x @ * e T e 93
4ILINONYW %06 + . 1=

3904d 13A31 ro—j

(CHT) SHOHYYH SSVIAL

ST

.

—-

(INVL TINA % WY




i . - , : o 1 3480913

© TIAITYSL  S390Yd YALIWONYW ¥ILINOQINDIT

(01 X "93$/39) A LYY LNIA ey
b2 00 9 I 8 ¥ 0
1

1 | |

-

(INYLTINA %) WY .

e
l—._
R g 5 0

v—CN ) =

E S
\ 4
o
°

419NN 1808d ;TH

- . ET) sHOYYH SSYW




1IA3T 761 =
TIA3T %82 >

b 3804d

3804d 13AI1 %52 +

£ 19044
TIA3T 451 »--
ELEIRITAR

7 1904d

AT %51 =
TAIT 98T

| 3804d

$180ud YILINONYI ¥3LIW0QINDIT

S1 3¥NOIA

(01 X "03S/32) A IL¥Y INIA -
Ve 0C m_— N_— m __~ 0 N
\ , -1¢- | |
(MNVL 1104 %) Wv -
—1- i
- 2PN
N.c—lﬁ

(°HT) SHOYY T SSVIN




91 J¥NOI4

('NIW) INIL

¢ 00z o0l o R
0

B
Py

JL

I . O JONVIRYAYD
. : . . . , N.+ :

it
;
!
L1

M Wit 1002 (¥.) "dWILSY9
SY3 WNIT3H 00€

- HHNLVAAdINHL HLIM LATHS OHHZ




- - 41 38N9OI4

$3904d TTIMAINOH

(e01 X "93S/3) A 1LVY IN3A
4 9l 8

06 =
56 v
%601 o

TIAIT )NYL G




8l 34NOid

11A31 %501 S3904d TTIMAINOH

(501 X "338/99) A 3Ly INIA - ,
o8 9 ¥ ¢z o

1 | | | | lm .. . . : ,
L | ) . —19- I
o g (ALISNIO QINDIT %)
| - | © - JONVHO ALISNIQ -
e
3904d 0ILVH0JH3d = NNT_ .
3904d YILINONYW « —* . 1

(°N'I) SLAIHS XLISNId I90ud




: . : v . 61 330214

$3904d TTIMAINOH

(c01 X '335/30) A 1LVY IN3A
pg 0z 91 U 8 b 0

1 ! |

b avuoae s - P I |
. ~(INVL IR WY

YILIWONYW %06 ~ s
ARk

031y40443d %56 o
. e

MILINONYW %S6 = |7
3904d  TIAIT _




